Dry eye is a common condition that can severely impair the quality of life. We aimed to find out whether oral sea buckthorn (SB) oil, containing (n-3) and (n-6) fatty acids and antioxidants, affects dry eye. In this double-blind, randomized, parallel trial, 20-to 75-y-old women and men experiencing dry eye symptoms consumed 2 g of SB or placebo oil daily for 3 mo from fall to winter. One hundred participants were recruited and 86 completed the study. Clinical dry eye tests and symptom follow-ups were performed. Tear film hyperosmolarity is a focal factor in dry eye. There was a general increase in the osmolarity from baseline to the end of the intervention. Compared with the placebo group, the increase was significantly less in the SB group when all participants were included [intention to treat (ITT), P = 0.04] and when only participants consuming the study products for at least 80% of the intervention days were included [per protocol (PP), P = 0.02]. The maximum intensities of redness and burning tended to be lower in the SB group. In the ITT participants, the group difference was significant for redness (P = 0.04) but not for burning (P = 0.05). In the PP participants, the group difference was significant for burning (P = 0.04) but not for redness (P = 0.11). In conclusion, SB oil attenuated the increase in tear film osmolarity during the cold season and positively affected the dry eye symptoms. J. Nutr.
Introduction
Dry eye can cause severe discomfort and greatly compromise the quality of life (1) . Depending on the population and definition, prevalence from ,1% to over 30% in people aged 50 y and older has been reported (1, 2) . Dry eye can be caused by several interlinked factors, which makes defining, diagnosing, and treating the condition challenging. The dry eye definition by the 2007 Dry Eye Workshop emphasizes the aspects of inflammation and increased osmolarity of the tear film as features common to different forms of dry eye (3) .
The 2 main types of dry eye, although sometimes difficult to clearly separate, are aqueous-deficient and evaporative dry eye. In the aqueous-deficient form, the lacrimal secretion is reduced, leading to tear hyperosmolarity and activation of inflammatory pathways. In evaporative dry eye, the lacrimal secretion is normal, but water evaporation from the ocular surface is increased. The most common cause of evaporative dry eye is meibomian gland dysfunction associated with a deficient tear film lipid layer that is not stable enough to prevent water loss (3) . Hyperosmolarity resulting from either of the 2 mechanisms can damage the ocular surface epithelium by activating inflammation via the mitogen-activated protein kinase and nuclear factor-kB signaling pathways (3, 4) . Epithelial damage and cell death further interrupt normal functions of the eye, leading to a vicious cycle (3) . Dry eye risk factors include, among others, older age, female gender, and contact lens wear (2) .
Artificial tears are the common treatment for dry eye. Although they relieve symptoms, they likely do not affect the causative factors or the inflammation accompanying dry eye. Antiinflammatory drugs relieve the inflammation, but not all of them are suitable for long-term use and side effects may occur (5) . Earlier studies suggest positive effects of (n-3) fatty acids, a combination of (n-6) linoleic [18:2(n-6)] and g-linolenic [18:3 (n-6)] acids, and antioxidants on dry eye (6) (7) (8) (9) (10) (11) . Mechanisms suggested for these effects include inflammation attenuation, effects on tear secretion, and prevention of oxidative damage. Dietary supplementation with (n-6) fatty acids may increase the level of dihomo g-linolenic acid, which is a precursor for antiinflammatory eicosanoids (8) .
Sea buckthorn (Hippophaë rhamnoides) (SB) 10 has been used in Asian traditional medicine for centuries, and SB berries are included in the Chinese Pharmacopeia (12, 13) . SB oil is rich in lipophilic antioxidants and SB seed oil especially contains high proportions of (n-3) and (n-6) fatty acids (14) . Positive effects of SB oil on skin and mucous membrane have been reported (13, 15, 16) , as well as antiatherogenic (17) and platelet aggregation-inhibiting effects (18) . Our objective was to investigate whether consuming SB oil can affect dry eye. Effects on both objective clinical responses and subjective symptoms experienced by the participants were studied.
Participants and Methods
Study design and participants. The study was carried out at the University of Turku and the Turku University Hospital, Finland. Participants gave their written, informed consent to the study procedures, which were approved by the Ethics Committee of the Hospital District of Southwest Finland. Participants were 20-75 y of age and were recruited for the study by announcements on Internet pages, local newspapers, and bulletin boards around the city of Turku. A total of 100 volunteers (SB group, n = 52; placebo group, n = 48) were randomized to this double-blind, parallel, placebo-controlled trial. Eighty-six participants (SB group, n = 45; placebo group, n = 41) completed the study (Supplemental Fig. 1 ). The stratification factors in randomization were age, sex, and contact lens wear. The inclusion criterion was the participant's own experience of dry eye symptoms. The exclusion criteria were severe illness, pregnancy or breastfeeding, smoking, and regular use of strongly anticholinergic drugs.
The participants in both groups were similar ( Table 1 ; Supplemental Information: Participants and Methods). Sixty-three percent of the women in the SB group and 64% in the placebo group were under 51 y of age, which is the median age of natural menopause among Finnish women (19) . This suggests that effects of menopause and menopausal hormonal therapy on dry eye (2) were similar in both groups. The proportions of participants feeling that dry eye had a negative (severe or to some extent) effect on their quality of life were 84 and 83% in the SB and placebo groups, respectively. Study products. During the 3-mo intervention period, participants consumed 2 g of SB or placebo oil daily (in the form of 2 capsules twice/d with a meal). Both capsules had identical opaque gelatin shells. During the trial, the participants, study personnel, and researchers did not know who was getting the SB capsules. To study the success of blinding, the participants were asked to guess whether they were receiving the SB or placebo capsules at each study visit. The participants were advised not to use other oil supplements during the trial.
The SB oil with a standardized composition and containing both seed and pulp oil was manufactured by Aromtech Ltd. (Tornio, Finland) using supercritical carbon dioxide extraction. The placebo capsules contained triacylglycerols of medium-chain fatty acids isolated from coconut and palm kernel. Absorbed medium-chain fatty acids are preferred for oxidation for energy, and their esterification and distribution from the liver to other tissues is limited (20) . The compositions of the study oils are described in Table 2 . Fatty acids were analyzed as methyl esters (21) using a gas chromatographic method (16) . Tocopherols and carotenoids were analyzed using HPLC-UV/Visible methods.
Dry eye monitoring. Participants' dry eye symptoms were monitored at the beginning of the intervention (October 2008: SB, n = 43, placebo, n = 38; November 2008: SB, n = 6, placebo, n = 9), at 1 mo, and at 3 mo (January 2009: SB, n = 34, placebo, n = 32; February 2009: SB, n = 11, placebo, n = 11), when the intervention ended. To find out whether the presumed changes in the dry eye symptoms would last when the participants no longer consumed the oil capsules, a postintervention check at 1 to 2 mo after the end of the intervention period was scheduled (March 2009 for most participants).
Because of the multifactorial nature of dry eye, a combination of tests is recommended for diagnosis (2, 22) . At each visit, tear film osmolarity (mOsm/L) was measured using an electrochemical osmolarity meter (TearLab, OcuSense) utilizing lab-on-chip technology enabling fast measurement directly from the eye. Tear film stability was measured as tear film break-up time (TBUT; seconds until breakup of fluorescein tear film) and tear secretion was analyzed using the Schirmer test without anesthesia (length of wetting the Schirmer paper after 5 min). The participants were asked to answer a modified version of the validated dry eye symptom questionnaire the Ocular Surface Disease Index [mOSDI (23, 24) ]. The following modification to the OSDI questionnaire was made: question number 11 in the OSDI pad concerning the dry eye symptoms in places with low humidity was difficult for the participants to understand and was therefore excluded.
During the 3 mo that the participants consumed the study capsules, they kept logbooks concerning their dry eye symptoms. The participants were asked to record each day whether they had any eye symptoms (yes/ no). In the logbook, typical dry eye symptoms (25) were listed: soreness, foreign body sensation, dryness, grittiness, burning, redness, watery eyes, or blurry vision. Participants were asked to record daily the severity of each symptom using a 4-point scale, with the severity of symptoms ranging from 0 = none to 3 = severe. In the logbook, the participants were also asked to report whether they had taken the daily dose of oil capsules, worn contact lenses, or used eye drops or other treatment for dry eye symptoms.
The main outcome measures of the study were changes in tear film osmolarity, TBUT, Schirmer, and mOSDI test scores. As secondary outcomes, the symptoms reported in the logbook were compared between groups.
Statistical analysis. Prestudy sample size estimation was based on the assumption that at the end of the observation period the mean mOSDI scores of the groups would differ by 4 points or more (assumed SD = 6 points). With a sample size of 37 participants/group, the study would have a power of~80% to detect the difference between treatments (2-sided tests, 0.05 significance level). To tolerate a drop-out rate of~25%, a total of 100 participants were recruited. For the clinical tests and mOSDI, changes from baseline (BL) values were used as dependent variables in the statistical analyses. Variables of change were analyzed with 2-way ANOVA with a repeated-measure term included in the model (SAS MIXED procedure). BL values of clinical tests and mOSDI, age, contact lens wear, and sex were considered as potential covariates in the model. Only significant covariates (P , 0.05) and those with significant interactions with other variables in the model (P , 0.05) were included in the final model [for osmolarity: BL osmolarity, BL Schirmer, age; for mOSDI: BL mOSDI; for TBUT left eye: BL TBUT left eye, BL osmolarity; for TBUT right eye: BL TBUT right eye, and contact lens wear (significant interaction terms); for Schirmer: BL Schirmer, age]. The group-change interaction was included to calculate the estimates of changes. The results were adjusted for multiplicity using Bonferroni correction. Alternative analyses without covariates were also done. In addition, explorative analyses were carried out separately for the contact lens wearers and those not wearing contact lenses using only the model without covariates. For additional alternative methods and explorative analyses concerning the clinical tests and mOSDI, see Supplemental Information: Participants and Methods.
For each individual symptom in the logbook, the ratio of symptom days:days with no symptoms was calculated. The symptom:day ratio was also calculated for overall eye symptoms (the logbook question was "do you have eye symptoms: yes/no"). The symptom sum was calculated by summing the daily intervention period intensity scores. The proportions of participants having symptom score 0, 1, 2, or 3 as their maximum symptom in each group was calculated. The differences between groups of maximum symptoms were tested using the CochranMantel-Hanzel test. The differences between groups of ratio and sum of symptom days were estimated from an ANOVA model and from an analysis of covariance model using SAS MIXED procedure. Age and use of contact lenses were introduced as covariates in the analysis of covariance model. In addition, the symptom:day ratio and symptom sum analyses were carried out separately for subgroups of participants above and below 45 y of age, and for contact lens wearers and those not wearing contact lenses. The logbook analyses were carried out by Statfinn Ltd (Turku, Finland). The logbook background information data were not compared statistically between groups.
The primary data analyses were done including all randomized participants [intention to treat (ITT) participants]. Unless otherwise noted, the presented results concern the ITT participants. In addition, analyses including only participants who consumed the study capsules
Results
Participant compliance and blinding. In the SB group, 87%, and in the placebo group, 85% of the participants completed the whole study including the postcheck after the intervention period (Supplemental Fig. 1 ). The number of PP participants was 43 in the SB group and 38 in the placebo group. At the beginning of the intervention period when the participants had not yet consumed any capsules, 69% of the participants in the SB group guessed that they were receiving SB oil capsules. The proportion of SB guesses was 78% in the placebo group. At the 1-mo visit, 45% in the SB and 44% in the placebo group guessed they were receiving SB oil. After consuming the capsules for 3 mo and at a postcheck visit, the proportion of those guessing they were receiving SB oil was greater in the SB group (3 mo: 51 vs. 33%; postcheck: 58 vs. 30%).
Clinical tests and mOSDI. During the intervention, the tear film osmolarity increased in both the SB and placebo groups. When the changes were adjusted for significant covariates, the increase was significantly less in the SB group ( Table 3 , ITT participants). The conclusion was the same for the PP participants (P = 0.02 for the change from BL to 3 mo; other comparisons to BL did not differ between the groups; Supplemental Table 1 ). In the case of no covariate adjustments in the statistical model, the differences between groups were not significant (data not shown). Changes in TBUT, Schirmer, and mOSDI results did not differ between groups in the ITT (Table 3) or PP participants (Supplemental Table 1 ). The subgroup analyses based on contact lens wear produced nonsignificant results (data not shown).
The number of participants having BL tear film osmolarity above or TBUT/Schirmer flow below the suggested diagnostic cutoff values (22, (26) (27) (28) was small in both groups despite the fact that all participants experienced dry eye symptoms (BL osmolarity . 316 mOsm/L: SB, n = 11, placebo, n = 19; TBUT mean , 10 s: SB, n = 9, placebo, n = 21; Schirmer flow , 5 mm/5 min: SB, n = 6, placebo, n = 8). For the results of additional alternative method and explorative analyses concerning the clinical tests and mOSDI, see Supplemental Information: Results.
Logbook symptoms. The logbook records of dry eye symptoms showed significantly lower maximum scores for redness in the SB group in the ITT participants. The proportion of participants reporting 3 as their maximum redness score was 6% in the SB group and 36% in the PL group (P = 0.04; Table 4 ). The difference between groups was not significant in the PP participants (P = 0.11), although the trend was the same. The number of PP participants recording 3 as the maximum of redness was 2 (5%) in the SB group and 14 (37%) in the placebo group (Supplemental Table 2 ). In ITT participants (Table 4) , the difference between groups in burning sensation was not significant. In PP participants, the maximum burning scores were significantly lower in the SB group. The number of participants recording 3 as the maximum of burning was 5 (12%) in the SB group and 12 (32%) in the placebo group (P = 0.04) (Supplemental Table 2 ). The age-and contact lens wear-adjusted analyses confirmed the conclusion that the maximum redness and burning scores were lower in the SB group in the ITT and PP participants, respectively (Supplemental Tables 3 and 4) . Other individual symptoms in the ITT or PP participants did not differ significantly between the groups (Table 4: ITT  participants; Supplemental Table 2: PP participants, Supplementary Tables 3 and 4 : adjusted analyses). However, there was a significant difference in the proportion of days recorded as eye symptom days (question: "Do you have eye symptoms": Yes/ no," without further specification of the symptom or evaluation of intensity; see Participants and Methods) in contact lens wearers in the ITT participants. Percentage of symptom days was 65 6 29% and 81 6 26% in contact lens wearers in the SB and placebo groups, respectively (P = 0.049). In PP participants, the percent of days with symptoms in the SB group (65 6 30%) did not differ from the placebo group (77 6 27%; P = 0.19).
Logbook background information. The participants kept the logbook record for a few days longer in the SB group (86 6 18 d) 
Discussion
Previous dry eye oil intervention studies have focused on the combination of (n-6) linoleic acid and g-linolenic acid (7) (8) (9) (10) 29) or g-linolenic acid alone (30) . Most (7-10,29), but not all (30) , of the (n-6) fatty acid studies have shown positive effects. The mechanism of the positive effect is likely to be related to modulation of inflammation (8, 10) . In humans, linoleic acid can be converted to g-linolenic acid and further to dihomo-glinolenic acid [20:3(n-6)], a precursor for antiinflammatory and tear production-stimulating eicosanoid prostaglandin E 1 (8, 22, 29, 31) . Meibomian gland secretion, meibum, is an important source of lipids in the outermost lipid layer of the tear film, preventing water loss. Differences in the meibum lipids between healthy and dry eye patients have been detected (22, 29, 32) . Linoleic acid and g-linolenic acid may change the properties of meibum in patients with meibomian gland dysfunction, indicating effects on meibum composition (29) . The possible pathways of lipid composition modification may be manifold, however, because the lid bacteria also affect the meibomian secretion composition and tear film stability (3).
In a rat feeding study, a combination of long-chain (n-3) fatty acids [eicosapentaenoic acid, 20:5(n-3) and docosahexaenoic acid, 22:6(n-3)] and g-linolenic acid was found to be superior for the alleviation of dry eye compared with (n-3) or (n-6) fatty acids alone (33) . High dietary intake of (n-3) fatty acids is associated with a decreased risk of dry eye in women, whereas a high (n-6): (n-3) ratio in fatty acid consumption is associated with increased risk (6) . In humans, (n-3) and (n-6) fatty acids can be converted to fatty acids of the same n-family in metabolic pathways sharing common enzymes. Long-chain fatty acids from both families are substrates for eicosanoids and other messenger molecules, competing for the same enzymes in these conversions too. Thus, the amount of (n-6) fatty acids affects the metabolism of (n-3) fatty acids and vice versa. Messengers from both fatty acid families have anti-and proinflammatory properties, but in general the (n-3) effects are more antiinflammatory (34) . The (n-3) fatty acids may also affect the expression of inflammatory genes (35) .
The only (n-6) fatty acid in the SB study oil was linoleic acid. In previous studies with positive results, linoleic acid doses many times higher (7), lower (9, 10, 29) , and of the same magnitude (8) have been used, but always in combination with g-linolenic acid. The a-linolenic acid content in the daily dose of SB oil corresponds to 6-9% of the mean daily intake of Finns (36) . About one-half of the fatty acids in the SB oil were monounsaturated fatty acids with 16 or 18 carbons. A small percentage of #C18 monounsaturated fatty acids in meibum wax and sterol esters and FFA is associated with a paste-like meibum texture, whereas a high proportion of these fatty acids is found in meibomian seborrhoea patients with more fluid-like meibum (37) . Accordingly, it is possible that not only the PUFA in SB oil have effects on factors related to dry eye.
The daily SB oil contained a-tocopherol at 58-82% of the Finnish mean intake (36) . In contrast to the placebo, SB also contained g-tocopherol. Both forms of vitamin E have antioxidant activity, but in macrophages and epithelial cells, the antiinflammatory potential of g-tocopherol is stronger (38) . The carotenoid content and type in SB vary. According to Raffo et al. (39) , the main carotenoids in SB are b-carotene and zeaxanthin, which both have antioxidant, and most likely also antiinflammatory, activity (40) . Based on published information about the proportion of each carotenoid type (39, 41) , we estimated that the daily b-carotene in the study SB oil equates to~10% or less of the daily vitamin A intake of Finns (36) . Supplements containing carotenoids and/or vitamin E in combination with other antioxidants have shown positive effects on dry eye and ocular surface (11, 42) . Antioxidants may protect the eye from oxidative damage leading to activation of inflammatory cascades (42) . A tear film stabilizing effect also has been reported (11, 42) .
During the intervention, there was a trend toward higher values of tear film osmolarity in both groups. The increase was significantly less in the SB group in both ITT and PP participants. From the start to the end of the intervention period, the climate temperature in Turku dropped considerably from +8.18C in October 2008 to 24.58C in February 2009 (Finnish Meteorological Institute, Helsinki, Finland). During the cold months, the air humidity is low indoors and outdoors. Low relative humidity increases tear evaporation rates (43) , and dry eye symptoms are more common during periods when indoor heating systems are used (44) . The core mechanisms of dry eye are tear hyperosmolarity, which is common to different dry eye types, and tear film instability. Both mechanisms can initiate dry eye, lead to activation of inflammation cascades, and fortify each other (3). It is possible that most of the above-mentioned SB components have played a role in the detected positive SB oil effect through different mechanisms.
Judging by the BL values of clinical dry eye tests and mOSDI scores, the participants' dry eye was not very severe. Still, a vast majority of participants felt that dry eye negatively affected their quality of life. Because the inclusion criterion was widely the experience of dry eye symptoms, different dry eye types were represented in our study. The dry eye definition includes the aspect of symptoms of discomfort (3), and it is known that the association between symptoms and clinical signs is poor (45) . Earlier fatty acid intervention trials have shown symptom improvement also when the effects on clinical signs have been less inconsistent (7, 8, 10) . In our study, the logbook results indicated milder maximum symptoms of burning (significant in PP participants) and redness (significant in ITT participants) in the SB group. Although for these symptoms the results were not consistently significant in both PP and ITT participants, the trend was always the same. Liu et al. (46) suggest that the burning sensation especially is related to tear film instability and to transient hyperosmolarity spikes resulting from it.
The proportion of participants guessing they were in the SB group was~45% in both groups after consuming the capsules for 1 mo. According to Desbiens (47) , a balanced guessing pattern (even if it is not equal to 50-50) after a few doses indicates that blinding was achieved and there were no treatment or side effects. Change toward an unbalanced guessing pattern indicates a beneficial or side effect. In our trial, the shift to unbalanced guesses took place at 3 mo, when the difference in osmolarity change was also significant between groups, indicating positive effects of SB oil treatment.
The results of this study suggest that SB oil consumption can attenuate the increase in tear film osmolarity occurring during the cold season. It may also influence the maximum intensity of redness and burning symptoms in participants with dry eye. Contact lens wearers reported fewer overall eye symptom days in the SB group. Participants in this trial represented different dry eye types derived from various causative factors. Further studies should investigate the effects of SB oil on more defined populations and aim to determine the mechanisms of a positive SB oil effect.
